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In numerous parts of the world today, including 
some of the most highly developed countries, 
many dam designers and operators have tended to 
close their eyes to the engineering problems posed 
by reservoir-induced earthquakes. One sometimes 
hears these kinds of defensive argurnenl5: 1) no 
convincing correlation has yet been dcmostrated 
between earthquakes and reservoirs; 2) since the 
natural seismicity at a given site is low, the danger 
of reservoir-inducement is therefore also low; 3) 
the geology at a given site is different from that 
at localities where major reservoir-induced events 
have occurred; 4) only 3 or 4 out of some 11 000 
large dams worldwide have experienced significant 
induced earthquakes, and one should therefore not 
worry about a given site; and 5) no dam has yet 
failed disastrously because of a reservoir-induced 
earthquake, and the danger is thus grossly exagger-
ated. While many of these arguments have some 
elements of truth to them, they are essentially 
evading the primary issues: Virtually every careful 
srudy has concluded that there is indeed a cause-and-
effect relationship between some earthquakes 
and some reservoirs, and two dams (Koyna, India, 
and Hsinfengkiang, China) have in fact come 
uncomfortably close to disastrous failure during 
such events. Furthermore, it is precisely in the 
regions of low natural seism icity where rhe major 
existing problems lie, because in areas of high 
scismicity dams are usually designed for substan-
tial earthquake resistance anyway. 
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The unhappy current state of affairs is t 
degree of undemanding of rescrvoir.f 
earthquakes is so minimal thar almost 
reservoir anywhere in the world can be 
free of this possible danger. In particular, 
not know why such earthquakes occur 
cannot a5 yet recognize with confide~ 
areas where reservoir-induced earthquakesart 
llkely than at other localities_ It is easy to 
the geology and seismo-tectonics of a gi 
are different from those at Koyna, for 
but until we understand what it is in the 
environment of Koyna that led to the 
of earthquakes there, this is not a very"' 
statement. And one mu>t rccogni1e that the 
sites where major induced events have 
represent a wide variety of geologic envir 
there is as yet no recognized geologic 
these localities which marks them as p 
distinctive or dangerous as compared 
thousands of apparently similar sites 
evenl5 have not occurred. Even nearby 
that seem to be in the same geologic en · 
have sometimes given rise to widely 
degrees of activity, as has recently been 
strated at Manic 3 Reservoir, Quebec (L 
Anglin, 1978.) 
Therefore, in estimating risk, we are U. 
degree forced to utilize a statistical appr 
on the total experience throughout the 
of some 1 l 000 worldwide "large" dams. 
small number have triggered known seismic 
ed .. P<1ckcr et al. (1977) list 16 "accept 
"questionable" cases of reservoir-indu 
pson (1976} lists 32 cases of "changed" 511~1ncluding some where the filling of the ~~sed the natural seism1city to decrease. 
r cases of changed micro-earthquake 
or:::ve probably escaped notice or report. 
ore significance is the number of instances 
-"' earthquakes large enough to be poten· 
pnaging, and only 4 induced events ~ave 
magnitude 5.7. These are: Hsmfengkrang, 
1962 M == 6.1 (Sheng er of., 1973; Wang J97S): Kariba, Rhodesia-Zambia, 1963, 
(Gough and Gough, 1970a, 1970b); Kre· 
Greece, 1966, M = 6.3 (Gupta and Rastogi, 
kopoulos, 1974); and Koyna, India, M = 
aa and Rastogi, 1976; Guha et al., 1971 ). 
lh~ earthquakes were associated with 
with water depths exceeding 80 m., of 
dlefc are perhaps 200 worldwide. {Packer 
1977, list 179 reservoirs with water depths 
1 92 m) Thus, for a deep reservoir. one 
argue that the statistical chances of an 
e exceeding magnitude 5. 7 being triggered 
s 4 in 200. Although this probability 
to be very low, assuredly it is not so 
t engineers can dismiss the phenomenon of 
• -induced earthquakes when designing large 
Jlmost all of which have truly catastrophic 
ces of fai lure. 
ore, it is the author's opinion that at this 
•ywhere in the world, almost any new dam 
Will impound water to depths exceeding 
m. must be designed with the assumption 
magnitude 6-1 /2 earthquake could occur 
• It should also be emphasized that the 
associated with a local earthquake of this 
does not normally represent a terribly 
design restriction for either concrete or 
nt dams, although the effects of heavy 
.on some critical auxilliary sLructures such 
t towers and spillway gates may require 
ial attention. 
must keep in mind that this somewhat 
ng state of affairs could change very 
as the result of research currently underway. 
ly promising at the moment are studies 
subsurface hydrologic environments near 
rs. Although the mechanism of reservoir· 
ent is not understood, it is probably 
related to pore-pressure changes in 1mder· 
fault zones resulting from reservoir filling. 
~though we cannot as yet confidently 
diagnostic geologic features associated 
areas of reservoir-i nducement, Lhere is in· 
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creasi ng evidence that large triggered events are 
most likely in areas of active (i. e., Holocene} 
faulting. It is particularly unfortunate that careful 
geologic field studies emphasizing the neotectonic 
environment have not yet been carried out in a 
number of areas where reservoir-induced earth-
quakes have been documented. 
Several investigators (e. g., Simpson, 1976; 
Packer et al., 1977) have pointed out that induced 
earthquakes during reservoir filling are most 
numerous in areas of normal and strike-slip faulting, 
as opposed to areas of thrust faulting. In at least 
one case (Tarbela Dam, Pakistan), moreover, minor 
seismicity in a thrust-faulted region has been 
observed to decrease during periods of reservoir 
filling, and a reasonable mechanical argument has 
been made for this phenomenon (Jacob et al., 
1979}. Although these kinds of research studies 
have only limited engineering application at the 
moment, assuredly they represent the types of 
efforts that eventually will lead to a full under-
standing of the reservoir-inducement problem and 
to its engineering mitigation. 
For the dam designer and operator, many 
significant questions remain in addition to that 
of the probability of reservoir-inducement. Among 
these are the following: 
Is surface faulting possible in association with 
a reservoir-Induced earthquake? Inasmuch as the 
largest reported reservoir-induced earthquakes are 
of the same magnitude as those often associated 
with surface faulting in natural events, there is no 
obvious reason why surface rupture should not 
accompany some triggered events. Indeed, the 
1967 Koyna earthquake appears to have been 
associated with about 30 cm. of surface displace· 
ment on a Holocene fault that passed through 
an arm of the reservoir (Cluff, 1977). Of particular 
concern , of course, is the possibility that such a 
fault might pass through the dam itself, as was the 
subject of considerable debate and concern in 
the case of Auburn Dam, California (Allen , 1978). 
Is it possible that tnggered displacement might 
occur on a fault otherwise considered to be 
"inactive"? Under natural condhions, displace· 
ments on "inactive", faults are usually not consid· 
ered credible from the point of view of engineering 
planning. In fact, this is often the basis for the 
definition of "active" vs. "inactive" faults. In the 
author's opinion, however, reservoir loading could 
conceivably cause displacement on a fault normally 
considered "inactive", m view of the fact that the 
reservoir may produce a stress distribution quite 
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unlike that which the area ha'> experienced for 
many thousands of vears. Thb '"ould seem like a 
particularl} credible scenario where a fault zone 
v.a) a major and continuous LOne of weakness (e.g., 
a throughgoing massive shear zone), e"ven though 
it had experienced no displacements within 
Holocene time. Paci.er et al., ( 1977) present an 
opposing point of "view. 
Is magmtude 6-1 /2 the maximum earthquake 
that can be expected by reservoir indvcement? 
The largest generally JCccptcd induced C\Cnt to 
daw 1s of m.tgnitude 6.5 (Koyna, 1967}, and there 
is no parncul.ir re.l'>On to assume that this 1s the 
largest event that is physically possible. Nevertheless, 
1n view of the uniquenes!> of the Koyna event 
and the thousands of dams that have not exper-
ienced similar eJrthqual-.es it would appear 
still larger triggered eanhqual-.es should be consid· 
ered in the siting and design of most structures. 
In areas close to ma1or active faults, larger design 
earthquakes are ofkn stipulated, of course, as 
represen L.ltive of possible naturally occurring 
events. 
How long following the Initial filling of a 
reservoir are Induced earthquakes likely? The four 
largest reservoir·induced events had time intenals 
between the commencement of filling and the 
largest eanhqual-.cs of 1, 3, 4 and 5 years. In each 
of these case!>, however, minor seismic activity 
started at the time of fir-.t filling and continued at 
least sporadically until the time of the largest 
shock. Time intervals of larger than 5 years are 
certainly not ruled out, although admittedly the 
cause-and-effect relationship becomes less con-
vincing with longer elapsed time. One of the rea-
sons why many scientists do not consider the 1975 
earthquake near Oroville Darn, California, (M = 5. 7) 
to be reservoir-induced is that the time delay was 8 
years, and all but the last few months of this period 
was devoid of even small shocks in the reservoir 
area. Others have argued that the long delay was in 
fact closely related Lo the fact that the epicenter 
was as far as 11 km from the reservoir, albeit on a 
fault that ex tended in to the resel'\ oir (Bu fc et al., 
1976). 
Would not an earthquake similar to a reser-
voir-mduced earthquake occur sooner or later 
in the area even in the absence of the reservoir? 
IL is generally agreed that a reservoir, -by whatever 
physical mechanism, is onl) triggering the release 
of natural tectonic strain, and is not in itself 
generating the principal seismic energy. Therefore 
one might argue that the presence of the reservoir 
h.1s only ha~tencd the arrival of an event 
would ha\e happened at a later time any 
the other hand, one can equally well a,_ 
many areas of the earth's crust are very 
the breaking point on a rnorc·or-less 
basis, as might be envisaged from the 
plate tectonics; only when a perturbing 
non is introduced, such as a large reservoir 
breaking strength locally exceeded. The ' 
prefers this second point of view and 
<1rgue~ that the seismic history of a region 
extending over many hundreds of years, i~ 
adequate guide to the maximum credible • 
reservoir-induced earthquake in the region. 
What effect can the phenomenon of 
Induced seismietty have on dam desl<m? 
from the obvious wisdom of designing : 
Lo withstand the shaking associated widi 
largest credible local earthquake, the 
design of a dam may depend on whether 
fault displacements through the dam are c 
credible. Dams have been designed with this 
ti on (Sherard et al., 1974), and the 
designs of other dams have been changed 
this danger became accepted, as at Aubura 
California. The phenomenon of triggered 
quakes may also give added weight to the 
for rapid-drawdpwm capability for a dam 
under design. 
What effect can the phenomenon of 
Induced earthquakes have on dam 
Simpson and Negmatullaev (1978) have 
that reservoir-induced earthquakes might, 
sense, be controlled by the manner in 
a reservoir is filled. They specifically su 
such events can be held to a minimum 1f a 
is filled slowly and smoothly, based on e 
at Nurek Darn, USSR. In at least one case 
fcngkiang Dam, China}, the surprising p 
many small earthquakes during the initial 
of filling led to such concern that the 
immediately strengthened, the wisdom of 
became apparent shortly thereafter when a 
tude 6 1 event occurred almost beneath thl 
tu re (Sheng et. al., 1973.) 
It is generall} recommended by sei 
that some sort of seismographic net 
establhhed around new large deep rese 
many darn owne~ have logically asked why 
investment is called for; certainly a net 
not stop resel'\'oir-induced events from h 
Some seismologists have seemed to 
seismographs arc 1ust1fied simply beGatdS 
cost is so minuscule a~ compared to total 
b&ll assuredly a more responsible jusuf1C<1· 
led for. 
are sc"eral valid rea'>ons why a seismogrJ · 
ork should be eslablbhed· 1) Particular!} 
agnitude earthqua~es. 0111.,. through 
tal recording can 1t be established 
or not reservoir-induced e\'enl') are in 
rring, and all accepted large triggered 
have been preceded by numerous small ones. 
as argued by Simpson and Negmatullacv 
reservoir· induced canhquakes can be part I y 
by the manner in which the rescr-.01r 1s 
1 rec150nably sophmicated network 1s 
y to plan operations and to monitor 
. 3) The public living near and downstream 
tn.;or dam s will inevitably be concerned 
earthquakes in the vici n1 ty, whether or not 
·induced, and a seismographic network is 
y realistic means for providing prompt, 
t, and accurate informauon. 
kinds of nelworks should dam owneh be 
to install and operate? A. minimum of three 
as required for a hypocentral location, and 
ot suggests rhat for most reservoirs, 5 10 
s should represent an adequate network 
b with as many dS 18 stations ha\e some. 
been installed but these have usua ry been in 
ion with soph1sucated research program) 
broader objectil..es. Radio or telephone-line 
of seismic signals to a common recording 
Is now borh scientifically advantageous and 
tctive, and in many cases ~eismic telemetry 
combined with telemetry that has been 
for other purposes, such as hydrolog1c 
Ing. On the other hancf. relatively simple 
g and analysis techniques are much to be 
, particularly in remote areas, unless there 
t.ge research clement involved, with highly 
personnel. Drum recording, even on smoked 
has many operational advantages over 
ated schemes using magneLic tape Jnd 
x dat.t·analysis techniques. 
view of the present degree of igriorance 
ing resef'.oir-induced earthquake), and 
ing the tremendous stakes imohcd, 
cbm-building agencies ha\c a clear obltg.iuon 
l those kinds of research that will enable 
tually Lo solve the problem. The argument 
ling literally millions if not billions of 
~e now t.eing expended in designing and 
dams for reseT\ air-induced earthquakh 
Trill never occur, simply because we arc as rct 
to recognize those areas where such events 
e likel} than others. Owner~ and builders of 
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1ndi\ 1duJI d.tnh perhaps <.Jnnot be expected tu 
support bJ\ic research studies of this type from 
project lunds, but certainly the major dam-building 
Jgcncic) '.>hould . At least in the United States, this 
obligation ~cm) not to ha\c been general!\ 
accepted. From a purely economic point of view, 
not to '>peJk of public satety, the problem of reser· 
voi r·induccd earthquakes deserves far more atten 
Lion than II current!~· is receiving in most parts of 
Lhe world 
The author appreciates the c.ritical comments 
of T Ii. Heaton Jnd G.W. Housner. 
References 
Allen, C. R., 1978, Evaluation of seismic hazard 
at the Auburn darnsite, California: Denver, 
U.S. BurcJu of Reclamation, 10 p. 
Bufe, C G, Lester F.W., Lahr, K. M., Lahr, J C., 
Seekin:., L. C., and Han~s, T C., 1976, Oroville 
earthquJ~cs· normal faulting in the Sierra 
Ne\ada foothill~ Science, v. 192, p. 72 74. 
Cluff, L S. 1977, Note:. of visit to Koyna Dam, 
India, Jc1nuary 14, 15, 16, 1977: Unpublished 
rept. to. U.S. Bureau of Reclamation, 13 p. 
Dra~opoulo,, J., 1974 Cond1t1ons and triggering 
mechaniSl'T' vr l:clrthqual.;e acti\lily in the region 
of 1\1 cmastJ KJ)trak1 Dams Greece [in Greek) 
Athcn~. National Observator.,. of Athens, 144 p. 
Gough, D. I., and Gough, W. I. , 1970a, Stress and 
denec.11on 1n the lithosphere near Lake Kariba-1: 
Geophy~. I our., '" 21, p. 65-78. 
C,ough, D I , and Gough, W.1., 1970b, Load-induced 
earthquakes at Lake Kariba-11: Geophys. Jour., 
\I 21 p 79-101 
Guha, S. K, Gosavi, P. D., Padale, J. G., and 
M.:irwadi, S. C., 1971 , A11 earthquake cluster a t 
Koyna: Sebmol. Soc. America Bull. , v. 61 , p. 
297-31 S. 
Gupta H K , and Rastogi, B. K., 1976, Dams and 
earthquakes 'lew York, Elsevier, 229 p. 
Jacob, K. H .. Prnnington. W D., Armbruster, J., 
Seeber, L., and Farhatulla, S., 1979, Tarbela 
Reser\01r, Pa!..1stan: a region of compressional 
tectonic) with reduced seismiciry upon initial 
reservoir filling· Seismol. Soc. America Bull. 
v. 69 p 1175-1192. 
Leblanc G , Jnd A.nglin F ., 1978 lnduc.ed seism1· 
Clt'v Jl th( Manic 3 Reservoir Quebec· Se1smo . 
Soc. America Bull,"· 68 p. 1469-1485. 
Packer, D R .• Lo,egreen, J R, and Born, j. L., 
1977, Reservoir induced se1smic1ty: v. 6 (327 p.) 




24 Clarense R. Allen 
evaluation studies in the Auburn Dam area, 8 v. 
NTIS Rcpl. PB 283 531 /2GA, PC A 15/M F A01. 
Sheng, C K., Chen, H C., Huang, L. S., Yang, C. 
J , Chang, C. H., Li, T C., \\ang, T. C., and Lo 
H. H. 1973, Earthquakes induced by reservoir 
impounding and their effect on the Hsinfeng-
kiang Dam· Peking, 44 p. 
Sherard, J. L., Cluff, L. S , and Allen, C. R., 1974, 
Potentially active faults in dam foundations : 
Geotechnique, v. 24, p. 367-428. 
Simpson, D. W., 1976, Seismicity changes asso-
ciated with reservoir loading: Eng. Geol., v. 10, 
p. 123·1 so. 
Simpson, D. W., and Ncgmdtullaev, S. Kh. 1 Induced scism1city studies in Soviet ' 
Asia: Earthquake In formation Bull. "· 10 208-213 ' 
Wang, M. Y., Hu, Y L , Chen, Y. T., Yang, 114. 
Li, T. C., Chin, Y , and Feng, J., 1975 
nism of reservoir impounding earthq~alles 
Hsinfengkiang and a preliminary endeav 
discuss their cause: Peking, 21 p. 
Con tribution No. 3377, Division of Geot 
and Planetary Sciences, California fnsti tutr 
Technology, Pasadena, California 91125. 
